[1] The extents of volcanic island shelves result from surf erosion, which enlarges them, and volcanic progradation, which reduces them. However, mass-wasting, tectonics and sediment deposition also contribute to their morphology. In order to assess the relative significance of these various processes, we have mapped in detail Faial Island's shelf in the Azores archipelago based on interpretation of geophysical and geological data. The nearshore substrates of the island, down to 30-50 m depth, are rocky and covered by volcaniclastic boulder deposits formed by surf action on now-submerged lava flows. Below those depths, sandy and gravel volcaniclastic beds dominate, building clinoforms up to the shelf edge. In some sectors of the coast, Copyright 2012 by the American Geophysical Union 1 of 30 prograding lava has narrowed the shelf, but, in contrast to nearby Pico Island, we find fewer submarineemplaced lavas on the shelf. In this island, we interpret the distance between the coastline and the shelf edge as almost entirely a result of a straightforward competition between surf erosion and lava progradation, in which erosion dominates. Therefore shelf width can be used as a proxy for coastline age as well as for wave energy exposure. The stratigraphy of shelf deposits in boomer seismic data is examined in detail to assess the roles of different sediment sources, accommodation space and wave exposure in creating these deposits. We also show evidence of mass-wasting at the shelf edge and discuss the possible origins of slope instability. Finally, we discuss the contributing role of tectonics for the development of the shelf.
Introduction
[2] Although there has been considerable interest in the geological structures and evolutions of volcanic islands [Carracedo, 1999; Collier and Watts, 2001; Favalli et al., 2005; Garcia and Davis, 2001; Masson et al., 2008; McMurtry et al., 2004; Menard, 1984; Mitchell, 2003; Mitchell et al., 2002; Moore et al., 1994; Oehler et al., 2008; Paduan et al., 2009; Quidelleur et al., 2008; Ramalho et al., 2010b; Schmincke, 2004; Scott and Rotondo, 1983; Staudigel and Clague, 2010; Wolfe et al., 1994] little attention has been paid to the insular shelves of such islands. Based on relatively limited data on their structures, Menard [1983 Menard [ , 1986 made some basic observations, such as how their morphologies relate to wind directions (erosion by surf) and suggested that their extents mainly reflect a competition between processes that enlarge them (e.g., principally coastline retreat by surf erosion) and processes that fill in the shelf bathymetry (e.g., volcanism and sediment deposition). Since then, only a limited number of studies have looked at the processes acting on island shelves [Chiocci and Romagnoli, 2004; Coulbourn et al., 1974; Grossman et al., 2006; Hampton et al., 2004; Mattox and Manga, 1997; Mitchell et al., 2008; Moore et al., 1973; Morelock et al., 1983; Schneidermann et al., 1976] . However, there has remained a lack of detailed data to allow a comprehensive assessment of the processes involved in their development. Quartau et al. [2010] extended those efforts by comparing the morphology of the present-day Faial island shelf with a synthetic profile predicted by numerical modeling to assess the role of surf erosion in shelf widening. The model involved horizontal erosion by wave force that varied according to how sea level has fluctuated through the Quaternary. Discrepancies between the simulated and observed morphology highlighted areas where factors other than surf erosion were probably involved (i.e., processes not included in the model). Although, a variety of processes were suggested to explain the differences found, their roles were not fully understood. In this paper, we describe in more detail the morphology of Faial's shelf and interpret from the observations the roles of volcanism, seismicity, waves, climate, tectonics, types and sediment supply in shaping its morphology. We also link the onshore and offshore geology of the island. Finally, we propose a conceptual model of shelf development that can be applied to oceanic volcanic islands where wave erosion and volcanic progradation are the main processes in determining shelf morphology.
Regional Setting
[3] The Azores archipelago is located in the central North Atlantic Ocean and is the result of the volcanic activity around the triple junction between the American, Eurasian and African lithospheric plates (Figure 1 ). Nine main islands are distributed over the Azores Volcanic Plateau. The western group of islands is separated from the central and eastern groups by the Mid-Atlantic Ridge, which separates the American from the Eurasian and African plates. To the east of the ridge, the East Azores fracture Zone (EAFZ) marks the boundary between Eurasia and Africa [Krause and Watkins, 1970; Laughton and Whitmarsh, 1974] . The central and eastern group are located on a wide transtensional region, result of the oblique separation across the EurasianAfrican plate boundary passing through the Azores [Lourenço et al., 1998 ]. Faial Island belongs to the central group and is the subaerial expression, together with Pico Island, of a major WNW-ESE ridge that extends over 100 km and rises from a depth of 1200-1600 m.
Geological Setting
[4] Faial Island can be subdivided into the following four morphologic regions (upper left inset in Figure 2a ), which roughly correspond to the four main volcanic-stratigraphic units Madeira and Brum da Silveira, 2003 ].
[5] The Pedro Miguel Graben develops on northeast Faial where the oldest volcanic structure of the island, the Ribeirinha shield volcano, is located (Figures 2a and 2b) . It is predominantly composed of subaerial hawaiitic lava flows of the Ribeirinha Volcanic Complex (800-580 ka ) and it is crossed by WNW-ESE trending graben (Figures 2a and 2c ). The drainage pattern is deviated by the major fault scarps onto the east (Figure 2c ). [6] Over the western part of Ribeirinha volcano developed the Caldeira Volcano (Figures 2a and 2b) , a stratovolcano that dominates the center of the island and constitutes its main relief, reaching 1043 m above sea level. It has a 15 km diameter at sea level and a summit truncated by a 2 km wide caldera. It is divided into two volcanostatrigraphic units. The lower unit, the Cedros Volcanic and Madeira and Brum da Silveira [2003] ). Upper left inset map locates the morphologic regions (1-Pedro Miguel Graben, 2-Caldeira Volcano, 3-Horta-Flamengos-Feteira 4-Capelo Peninsula) as defined by . Black straight lines orient the geological profiles shown in Figure 2b . Bold black lines with tick marks represent normal faults. Continuous topography contours are shown spaced every 100 m. Complex, is mainly composed of subaerial basalt to benmoreite lava flows, some scoria cones and trachytic domes. According to Féraud et al. [1980] and Chovelon [1982] this unit ranges from 470 ka to 11 ka. The upper unit, the Caldeira Formation, corresponds to a sequence of trachyte pumice fall deposits, phreatic and phreatomagmatic breccias, surges, ignimbrites and lahars, emplaced by explosive eruptions (of sub-plinian style from the formation of the summit caldera). Radiocarbon dating revealed ages that range from 10 ka to 1 ka [Madeira et al., 1995] . A more up-to-date stratigraphic assessment however, revealed ages ranging from 16 ka to the Present [Pacheco, 2001] . At its surface, the Caldeira Volcano is almost completely covered by the Caldeira Formation whose thickness can reach dozens of meters in the upper caldera slopes, diminishing toward the littoral zone ( Figure 2b ). Above this formation, a radial stream drainage has developed (Figure 2c ) eroding the superficial pyroclastic deposits and exposing the lava flows of Cedros Volcanic Complex beneath. The WNW-ESE trending graben extends well into the Caldeira Volcano region, partially obscured in the west by the deposits of the Caldeira Formation.
[7] The Horta-Flamengos-Feteira region is characterized by a set of scoria cones and lava flows from a basaltic fissural unit (Almoxarife Formation, Figure 2a ) that overlie the southeastern slope of the Caldeira volcano and the southern part of the Ribeirinha Volcano (Figure 2b ). The Almoxarife Formation was dated as 30 AE 20 ka (K/Ar ), although its offshore part was probably formed by erosion of the flanks of Ribeirinha volcano and therefore the region where the Almoxarife Formation lies is 800 ka in age [Quartau et al., 2010] . Almost this entire region and the western part of Pedro Miguel Graben are covered by a thin blanket of pyroclasts from the Caldeira Formation. The drainage network in the Horta-Flamengos-Feteira region is incipient (Figure 2c ).
[8] The Capelo Peninsula, in the far west of Faial, comprises a dextral en échelon alignment (WNW-ESE) of basaltic Hawaiian/Strombolian cones and associated lava flows of the Capelo Volcanic Complex (Figures 2a and 2c) . The eastern half of the peninsula is built on the west subaerial slope of the Caldeira volcano and overlies the oldest pyroclastic rocks of the Caldeira Formation, suggesting an age of less than 16 ka. The peninsula has been affected by two historical eruptions (1672 and 1958 AC marked in Figure 2a ), since the islands where colonized in the 15th century. The 1672 AC eruption included Strombolian activity, which formed cinder cones and erupted lava, which flowed from the vents on the rift zone both to the north and south and entered the sea. Capelinhos formed in 1958 at the most westerly tip of the island, in a classic surtseyan eruption [Cole et al., 1996 [Cole et al., , 2001 ]. Due to its youth, the Capelo Peninsula does not have a drainage network (Figure 2c ).
[9] Faial's lack of wide-valleys and sharp ridges seen in some other volcanic islands demonstrate its young geomorphology and relative lack of subaerial erosion. Even the oldest regions (central and northeast), are mostly covered by the recent pyroclasts of the Caldeira Formation and stream drainage is not significantly incised (just a few meters typically) on the lava pile beneath the pyroclastic sequence. These streams are ephemeral and most of them end at suspended valleys on the littoral cliffs. Steep cliffs dominate the coastline of Faial with sharp angles at their bases and a common small accumulation of rounded boulders in the intertidal zone. This coastal morphology suggests that wave erosion is the most important process in controlling the position of the coastline [Borges, 2003; Quartau, 2007; Quartau et al., 2010] .
Climate
[10] The Azores archipelago is located in the Northern Hemisphere subtropical anticyclone zone, directly under the seasonal Azores anticyclone. From September to March, the polar-front jet often migrates to the south and the Azores region is affected by low-pressure systems causing stormy weather and intermittent strong winds. It is during this season that three quarters of the total annual precipitation occurs. During late spring and summer, the Azores climate is influenced by the Azores anticyclone and there is less rain [Ferreira, 1981; Santos et al., 2004] . However, during the Atlantic hurricane season (summer and autumn) several hurricanes can reach the Azores archipelago. Although often downgraded to tropical cyclones or depressions, they still produce heavy rain and strong winds [Andrade et al., 2008] . Otherwise, the islands are characterized by an oceanic temperate climate, with mild temperatures all year-round, at low altitudes, and a rather wet climate. The distribution of rainfall is highly influenced by topography, which controls the wind speed and direction and forces the ascent of moist air, generating orographic rainfall at high altitudes. Therefore, Faial shows a typical circular precipitation pattern related to altitude, with annual precipitation ranging from 600 mm at sea level to 2800 mm in the central caldera [Forjaz, 2004] .
Oceanographic Setting
[11] The Azores archipelago is subjected to small semidiurnal tides, with an annual mean range at Faial Island of 0.9 m [Instituto Hidrográfico, 2000] . Information regarding wave conditions is based on Carvalho's [2002] hindcast data. The annual prevailing waves (Figure 3 ) are from the NW (29%) and W (24%). They are also the highest, with average significant wave height (H s ) of 2.9 m and 3.1 m respectively. Waves from the N are also important (16%) with H s of 2.5 m. Less frequent (8%), but with high H s (3.1 m) are waves from the SW. Records show that the Azores are struck, on average, every seven years by violent storms [ Andrade et al., 2008] 
Material and Methods

Seismic Surveys
[12] High resolution seismic reflection profiles were collected with a chirp sonar system (Datasonics CAP-6000W) and a boomer (EG&G 230-1) in July 2001, on R/L Águas Vivas around Faial Island [Quartau et al., 2002; Teixeira, 2001] . The chirp signal bandwidth was 1.5-10 kHz, output power 1 kW, and chirp length 10 ms (approx. vertical resolution of 10-15 cm). The boomer output energy used was 200 J, and the receiver array consisted of a single-channel streamer with 24 hydrophones. The signal frequency bandwidth ranged 250 to 1000 Hz (estimated vertical resolution < 2 m). Our seismic track planning was optimized for aggregate mapping purposes and so unfortunately the seismic data do not generally extend to the shelf edge. Nevertheless, a total of 500 km of seismic lines where acquired between 10 and 100 m water depth, 275 km of chirp and 225 km of boomer (Figure 4 ). Survey lines were mainly normal to the shore. An additional line was run around the island, parallel to the coastline, crosscutting the shore-normal lines at approximately 40 m water depth.
[13] The boomer seismic data was processed using the Seismic Processing Workshop software (Parallel Geoscience Corp., version 1.8.19). The processing flow included a frequency bandpass filter for noise suppression, normal moveout correction for improved accuracy on estimating reflector depths and a three trace mix for better signal-tonoise ratio. After processing, the profiles were imported for interpretation into Geology & Geophysics software applications from Landmark Graphics Corp. Most of the sub-bottom analysis was carried out on the boomer data, whereas the chirp was used for seabed classification, which confirmed the presence of sand or gravel because of lack of penetration. Electrical noise degraded the signal-to-noise ratio in some profiles, resulting in some unmapped areas. 
Bathymetric Data
[14] High-resolution bathymetry of the outer shelf and slope of the Faial Island [Mitchell et al., 2008 [Mitchell et al., , 2003b was acquired in 2003 with a Reson 8160 multibeam sonar system (50 kHz). This data set was supplemented in 2004 with a Submetrix 2000 phase-measuring swath sonar (117kHz) covering areas shallower than 80 m water depth [Tempera, 2008; Tempera et al., 2012] and additional multibeam lines collected over Faial's shelf edge using a Simrad EM710 in 2008 (EMEPC, data courtesy). The remaining gaps were filled with single-beam data collected in 2001 concurrently with the seismic reflection survey. A bathymetric mosaic compilation (in which grid nodes were assigned according to the highest quality data type where swaths overlap) was produced from these four data sets with a cell size of 10 m for the multibeam data and 50 m for the single-beam data. Figure 4 shows the surveys and Figure 5 the resulting bathymetry. Acoustic backscatter data recorded with the multibeam were processed with CARIS SIPS, including corrections of the geometry and the systematic intensity variations across swaths due to signal spreading, attenuation, beam pattern, etc. The final backscatter mosaics for this work were produced at a resolution of 10 m.
Sediment Sampling
[15] Superficial sediment sampling was conducted in November 2003, aboard the R/V Arquipélago [Quartau et al., 2005] . Thirty-five stations were sampled using a box-corer (Figure 4 ). Grain size data were obtained using a dry sieving technique for material coarser than À1F (2 mm) and a Coulter Counter LS-230 for finer-grained material (<2 mm). The dry sieving was carried out over intervals of 1F (À5 F, À4 F, À3 F, À2 F and À1 F sieves). Both data sets were then merged to produce composite grain-size distributions.
Seafloor Imagery
[16] Visual ground-truthing of the seafloor with video imagery was accomplished using a VideoRay Explorer ROV in the summer of 2004 and a Tritech MD4000 drop-down camera in the summer of 2005 [Tempera, 2008] . The ROV operations were conducted down to $60 m, while the vessel was at anchor. The drop-down camera was operated down to 180 m depth, along transects aimed at obtaining cross-shore profiles while the vessel was left to drift. For most of the survey, videos were taken at 2 m from the substrate, which was sufficiently close to discriminate the seafloor type down to depths of ca. 100 m due to good sunlight penetration and high performance of the camera in low light conditions. In deeper areas, illumination relied on two camera LED lights, which provided sufficient light for ground distances less than 1 m. Since neither the ROV nor the drop-down camera were deployed with an underwater positioning system (e.g., USBL), their position was based on the vessel navigation. When cable drag and/or divergence from the boat track occurred, annotations of the length of cable deployed and a visual estimate of the cable-slanting angle to the vertical were used to do lay-back corrections. 
GPS Positioning
Data Interpretation
Multibeam Bathymetry and Backscatter
[18] Processed backscatter mosaics were imported into a GIS and plotted with an inverted greyscale (black corresponding to high backscatter). Hillshade maps were derived from the bathymetry to highlight morphologic details. Seabed type interpretations have been made based on distinctive patterns expressed in the bathymetry, seabed gradient and tonal and textural properties of the backscatter. Smooth-surfaced sandy substrates appear light gray and homogeneous, as they are relatively weak acoustic scatterers here, possibly because the rocky outcrops are more strongly backscattering and dominate the image contrast. Rocky substrates are common in higher gradient areas and show the darkest patterns due to their high acoustic backscattering. Backscatter quality, and thus the ability to distinguish seabed types, significantly declined down the island slopes due to increasing water depth and artifacts generated by considerable across track changes in grazing angle associated with surveying parallel to a steep seafloor.
Classification of Chirp Echo Types
[19] Five different echo types (Table 1) were interpreted from the chirp profiles following the characteristics identified by Damuth [1980] and Pratson and Laine [1989] . They have been grouped into the following four classes. 
Distinct Bottom Echoes
Indistinct Bottom Echoes
[21] Type II: Prolonged, continuous, echo with no apparent sub-bottom reflectors (Figures 6b and 6d ). [23] Type III-B: This type of echo shows more irregular hyperbolae, which don't overlap and exhibit more greatly varying vertex elevations than echo type III-A. Each hyperbola is generally less than 10 m in relief and 50 m in wavelength ( Figure 6b ). It also shows a very prolonged echo without sub-bottom reflectors.
Hyperbolic Bottom Echoes
Composite Bottom Echoes
[24] Type IV: This type of echo does not easily fall into the general categories described above, being commonly a combination of more than one single type of echo, particularly a combination of echoes I, II, III-A and III-B (Figure 6c ).
Sediment Texture
[25] Where the geophysical data suggested the presence of sandy sediments (echo type I and low backscatter), samples were taken and granulometric analysis performed. According to the UddenWentworth scale [Wentworth, 1922] , 54% of the samples are medium sands, 17% are coarse sands, 26% are very coarse sands and 3% are granules. The sediments are angular to very angular [Powers, 1953] , moderately sorted to poorly sorted and symmetrical to coarse skewed. The calcium carbonate composition of the superficial sediments was also determined using a digestion method [Müller and Gastner, 1971] . Sediment samples are mainly composed of volcaniclastic sand, with lesser carbonate skeletal particles (1-22%).
Echo-Types Interpretation and Distribution
[26] The line-based interpretations of echo types were compiled, also supported by the remaining data (Figures 6a to 6j), to form an echo character map ( Figure 7 ). Echo-type I is generally located between 30 and 50 m depths and the shelf edge and is commonly bounded upslope by echo type III-A. This echo type shows nearly flat or gently sloping topography near echo III-A, passing seaward to a convex downward break in slope to the shelf edge, which in some cases can reach gradients of more than 10 ( Figure 6a ). More rarely this echo type occurs near the shore, where it then tends to cover the entire shelf. According to Damuth and Hayes [1977] , where the shelf is dominated by coarsegrained sediments, no sub-bottom reflectors appear in the echograms (which is the case for most of the type I echoes), associated with strong attenuation. Damuth [1975] showed that more prolonged echoes with no sub-bottom reflectors (e.g., type II) are Geochemistry Geophysics Geosystems G 3 G covered by even coarser sediments creating the prolonged echo from acoustic scattering. We thus expect to find sand and gravels associated with echo type I and pebbles and cobbles with echo type II, which was confirmed by the ROV images, multibeam backscatter and sampling (see Figures 6f, 6g, 6i and 6j).
[27] Echo-type III-A generally occurs from the coastline to 30-50 m depths, associated with steeper slopes and sometimes a stepped seabed morphology. Echo-type III-B generally appears nearshore, associated with echo type III-A (Figure 7 ). Hyperbolic echoes are either caused by rugged seafloor topography or by undulating seafloor surfaces [Damuth, 1980] . The strongly reflective single or irregular overlapping hyperbolae with widely varying vertex elevations above the seafloor are suggestive of basement highs or outcrops and have no relationship to sedimentary processes [Damuth, 1975 [Damuth, , 1980 . Therefore, the small size and intense overlapping hyperbolae of echo type III-A represent returns from coarse clastic deposits comprising boulder-size blocks, as confirmed in video imagery (Figure 6e ). Echo types III-B are caused by the presence of lava flows, confirmed by video imagery (Figure 6h) . Mitchell et al. [2008] have shown a remarkable variety of submarine lava flows in Pico shelf that are very similar to the examples found here (Figure 6j ).
Seismic Stratigraphy
[28] The boomer seismic profiles were interpreted using classic seismic stratigraphic methods [Mitchum et al., 1977a [Mitchum et al., , 1977b . Only one seismic unit has been identified (Figure 8 ), limited at its base by a well-defined, continuous and high-amplitude reflection and at the top by the seafloor. The unit contains parallel reflections with low amplitude and medium lateral continuity. However, in some profiles it is possible to distinguish some reflections that are discordant with the internal reflections of the identified unit. Their lack of lateral continuity and low amplitude may be attributed to the poor resolution of the seismic data, or small density variations (acoustic impedance). Therefore, the application of traditional seismic stratigraphy techniques was limited and only one seismic unit was used to obtain the sedimentary deposits thickness Figure 6 , blue dots the ROV images in Figure 6 , small boxes the backscatter images in Figure 6 and big boxes the areas in Figure 13 . ( Figure 9 ). Pale green areas in this figure represent regions where the signal was too poor to allow estimates of sedimentary thickness to be made. Sediment thicknesses were calculated from seismic two-way time using a sound velocity of 1800 m/s for coarse sands [Hamilton and Bachman, 1982] .
Geochemistry Geophysics
Geological Interpretation and Morphological Mapping
[29] The interpretations of the individual geophysical and geological data sets were combined in a GIS to produce maps of the seafloor nature that permitted the discrimination of eight shelf sectors (A to H in Figures 7 and 9) based on the geological differences found onshore and offshore.
[30] Rocky substrate covers the majority of the nearshore areas up to 30-50 m depth, with median gradients ranging 3 -4 . Below these depths smooth sedimentary seabeds dominate and median gradients decrease to 2 . Between 70 and 120 m, median gradients increase sharply from 2 to 11 marking the transition from the shelf to the slope. The shelf edge is often a depositional feature and shows evidence of mass-wasting features. The following section looks at the nature and distribution of these morphologies.
4.6.1. Erosional Morphologies 4.6.1.1. Erosional Shelf
[31] The inner to middle shelf has extensive bedrock outcrops (Figure 7 ) forming a 0.2 to 0.8 kmwide belt extending from the coastline to 30-50 m depth (average 40 m). This rocky seafloor is often covered by very coarse volcaniclastic rounded sediments (mostly boulder size, Figure 6e ) interspersed with a thin veneer of sandy sediment (below the resolution of the boomer system but interpretable from the swath sonar backscatter). In sectors B and H this belt is less developed and sometimes absent. These very coarse volcaniclastic deposits (Figure 6i ) cover around half of sectors A1 and A2. In sectors B, C, D, F, G and H, often, below 40m, the shelf consists of a smooth erosion platform covered by sandy sedimentary bodies (see section 4.6.2.1).
Mass-Wasting Features
[32] Embayments indicating mass-wasting are noticeable at or near the shelf break in sectors B, G and H (Figures 10a and 10b) , with slopes within the embayment generally smoother than those in adjacent slope areas, which approach the 30 gradients of angular talus ramps [Mitchell et al., 2000] . In contrast, the shelf edges of A1 and A2 seldom show embayments and are deeply indented by gullies (Figures 10a and 10c ).
Depositional Morphologies
Sandy Sedimentary Bodies
[33] The thickness of the sandy sedimentary bodies interpreted from the boomer seismic data is poorly mapped in sectors B, C and D but well constrained in F, G and H (Figure 9 ). In sectors A1 and A2, these bodies are only present in a small area south of the Capelinhos volcano while in the remaining areas the sand forms a thin veneer on the rocky substrate without an organized structure.
[34] These bodies typically trend parallel to the shore and exhibit a cross-shore sigmoidal shape in profile (Figures 8 and 9 ). They are thicker (30 m average) in the middle to outer shelf (50-60 m depth). Where internal reflections are present, they have a typical aggradational geometry and thin out toward the shore and offshore terminations. In C, D, F and G the bodies end toward rocky outcrops at $40 m depth with onlap terminations. In the offshore direction, the unit almost disappears at the shelf edge. Although the offshore terminations are not well imaged in the seismic profiles, they appear to downlap, mainly inferred by the thinning of the unit. Even if all the sectors were not well mapped, the bodies appear better developed in sectors B and H where they can reach 40-50 m in thickness. There they also onlap against rocky outcrops at shallower depths than typical, sometimes even reaching the coastline. Figure 10a ). These are comparable to the Pico lava flows [Mitchell et al., 2008] with no obvious signs of post-emplacement erosion. The majority only reach the inner shelf, but two extend as far as the middle shelf (sectors F and G). The historical lava flows of the Capelo Peninsula (1672 AC) have flowed onto the shelf in both sectors A1 and A2. The southerly flow crosses the narrow shelf reaching the shelf edge (Figures 7  and 10a ) whereas the northerly flow only reaches 5. Discussion 5.1. Erosion Platform [36] Following the phase of active volcanism, shelves widen progressively, so that shelf widths increase with edifice age as observed elsewhere [Ablay and Hurlimann, 2000; Le Friant et al., 2004; Llanes et al., 2009; Menard, 1983 Menard, , 1986 Mitchell et al., 2003a] . Quartau et al. [2010] recognized a similar trend in Faial and attempted to quantify the role of wave abrasion on the development of its shelf. A wave erosion model and a eustatic record of glacially induced oscillations of sea level were used to reproduce the morphologies of different sectors of Faial's shelf. Results showed that most parts of the shelf of Faial are the product of wave erosion. Shelf width is related to the amount of time that coastal sectors have been exposed to waves [Quartau et al., 2010, Figure 13 ] but also to the frequency and significant height of waves (interpreted from differences in width between sectors of similar age, e.g., sectors B, C, G, H on the Caldeira stratovolcano and A1 and A2 on the Capelo Peninsula) [Quartau et al., 2010, Figure 14] . They also showed that discrepancies between modeled and the actual shelf profiles are mostly due to recent volcanic progradation onto the shelf, sediment infilling and tectonic vertical movements. Nevertheless, the dominance of wave erosion over other processes makes shelf morphology very useful to asses the evolution of young islands which is often based only on their subaerial parts.
[37] The nearshore shelf areas consist of rocky seafloor, mostly covered by coarse clastic deposits. Morphologically these deposits show nearshore terraces that are moderately dipping (typically 3 -7 ), with a rugged small-scale and sometimes stepping morphology (Figure 11) . Seaward of the terraces, the seabed dips 5 -14 with its offshore limits buried by the sandy sedimentary bodies at around 40 m water depth. These sediments cover the smooth rocky basement which resulted from wave erosion [Quartau, 2007; Quartau et al., 2010] . The platform dips gradually beneath the sediments to the erosional shelf edge where its gradient declines to 1 -4 , before steepening on the island slope. The presence of rounded coarse clastic deposits in the nearshore areas can be explained by erosion of lava flows that have prograded onto the shelf.
These lava flows were probably emplaced before the Holocene and eroded during sea level fluctuations, otherwise their fine lava structures would have been preserved [Mitchell et al., 2008] . Furthermore, the surface in these nearshore areas is rather irregular when compared with the wave erosional basement under the sandy sedimentary bodies, perhaps because it has been modified by wave erosion only throughout the last post-glacial sea level rise. The steeper gradient of the seafloor (3 -7 ) when compared with the erosional platform under the sandy sediments (1 -4 ) is also further evidence of its youth [Mitchell et al., 2012] . A good example of this is the NE part of sector B that shows coarse clastic deposits up to À40 m. The coastline changes from concave in the SW, with cliff heights of 300 m to convex in the NE, with cliff heights around 100 m. Likewise, shelf width decreases from 3 km to 2 km SW to NE (Figure 12 ). Lava progradation is the likely explanation for this morphological change from SW to NE and some of the possible sources can be found onshore with well preserved cones (V1 and V2 in Figure 12 ). These two are probably not enough to justify all the coastal progradation here but other cones might have contributed that are now buried by the pyroclasts of Caldeira Formation or eroded by the last sea level rise. One of them (V2) has been K/Ar dated by Féraud [1980] with 21 AE 10 ka which suggests that its activity together with others might have been responsible for extending the previous coastline offshore during the last sea level lowstand. Later, during the most recent sea level rise their products were eroded to form the coarse clastic deposits. Therefore, the nearshore rugged terraces are interpreted as the eroded topset units of a lava delta whereas the seaward higher gradient area is interpreted as the eroded foreset units. A typical example is shown in profile P27 (Figure 11 ). The other profiles are intermediate cases between that and the other end-member (P25), which suggests almost continuity above and below the sandy clinoforms. In this case (P25), the erosion platform above and below the sediments was probably formed at the same time. Some of these deposits could also be formed by cliff retreat. However, given that these are generally extensive and backed by high cliffs, coastline erosion would produce a lot of coarse material, which in turn would have protected the cliffs from wave erosion. Therefore, it is unlikely, given that platform width is often inversely correlated with cliff height [Dickson, 2004] , that these deposits were produced during the last sea level rise by a retreat of 0.2-0.8 km of the coastline. Some profiles show a nearshore step-like morphology (P27, P29a and P29b) suggesting that they may have been formed by the piling up of several lava flows. Their exposed surface has subsequently been eroded and covered by rock debris but maintained a stacked morphology. Another possible explanation for the presence of these nearshore terraces could be sea level stillstands. Indeed, the wave erosion model produced nearshore terraces (up to À20 m) for sectors B to H [Quartau et al., 2010, Figures 11 and 12] . However, the surface irregularity as well as the difference between the model (wider) and the actual shelf width suggests that these areas are the result of lava flow progradation and subsequent erosion.
Lava Flows
[38] Although in older islands erosion may dominate, the shelf morphology in young islands reflects a competition between processes enlarging the shelf and those infilling it. Renewed volcanism may partially or completely fill the space left by wave incision. Evidence of recent seaward volcanic progradation have been found on sectors A1, A2, D, F, G and H. The well-preserved lava flows (mapped in Figure 7 and examples in Figure 10a ) suggest that these structures were probably emplaced after the Holocene transgression had submerged the shelf. It is unlikely that these structures are pre-Holocene subaerial flows emplaced during lower sea levels and have survived surf erosion during sea level rise in such an energetic environment; here, for instance, wave erosion during last sea level rise has formed a 400-700 m wide shelf on sectors A1 and A2 [Quartau et al., 2010] . In some of these submarine lava flows we were able to identify their possible onshore sources (Figures 13a, 13b and  13c) , which supports the hypothesis that these structures result from flows crossing coastal cliffs. In others we were unable to identify the sources and nearshore tube openings or vents are more likely explanations for their origin. Compared with Pico Island's shelf there are relatively few lava flows, which is a consequence of Faial's more mature shelf where wave erosion dominates. bottomset, with aggradation in the middle shelf and apparent progradational geometry near the shelf edge. Aggradational geometry normally occurs when sediment supply equals accommodation, and progradation when sediment supply exceeds accommodation. In very energetic environments, such as the Azores, these bodies are interpreted to be formed by storm-induced downwelling currents that transport coastal sediments offshore as observed in other energetic environments [Chiocci and Romagnoli, 2004; Field and Roy, 1984; Hernández-Molina et al., 2000; Nittrouer and Wright, 1994] . These offshore directed currents were measured by Youssef [2005] in Faial over one year, who found that 80% of the higher current speeds (reaching 2 m/s) were associated with highenergy waves and directed normal to the shore. Therefore, it appears that these currents move sediment from the coastline to the middle and outer shelf leaving nearshore areas depleted. In the middle shelf they aggrade, because there is still space for accommodating sediments, while near the shelf edge they prograde. Although these deposits have not been cored and dated, the lack of major internal reflectors suggest that subaerial exposure, erosional events and subsequent burying by younger deposits associated with sea level changes have not occurred. Thus, these deposits probably started forming around 6.5 ka, when sea level rose to its maximum level in Iberia, the nearest sea level record to the Azores [Dabrio et al., 2000; Hernández-Molina et al., 1994] . This interpretation is similar to those of other volcanic island shelf deposits [Chiocci and Romagnoli, 2004; Grossman et al., 2006] .
Sandy Sedimentary Deposits
Sources of Shelf Sediment Supply
[40] The submarine deposits in sectors F, G and H were almost completely mapped ( Figure 9 ) and for that reason their volume can be measured and compared with the amount of sediment produced onshore during the last 6.5 ka. There are basically three types of possible onshore sources identified in the Faial Island:
[41] 1. Eruptive activity, associated with explosive volcanism and lava progradation into the sea. Although a significant number of recent lava flows were identified as having entered the sea (Figure 7) , the quantity of hyaloclastite produced due to lava quenching is difficult to assess. On the other hand, the amount of pyroclastic explosive material released to the sea in the last 16 ka is relatively easy to calculate based on the measured thickness of the onshore deposits from the work of Pacheco [2001] and extrapolating them to the offshore. He identified two pyroclastic deposits younger than 6.5 ka that projected material south of the island, respectively C4 and C5-C6 that we extrapolated offshore, obtaining an output of 43 Â 10 6 of m 3 (37 Â 10 6 of m 3 to shelf sector F and G and 6 Â 10 6 of m 3 to sector H).
[42] 2. Cliff erosion, mainly related to wave forcing. Rates of modern coastal erosion can be high around volcanic islands depending on the timescale of measurement and the materials [Quartau et al., 2010] . Since there are no short-term rates known for Faial we used the lowest, average and highest measured retreat rates (0.01, 0.21 and 1.07 m/year respectively) from an analysis of 44 years of aerial photos of the coasts of São Miguel [Borges, 2003] , an island in the Azores that is similar to Faial in terms of volcanic deposits and wave energy. Calculations over 6.5 ka represent 24/510/2604 (min/ avg/max) Â 10 6 of m 3 of sediments for sectors F and G and 70/1460/7436 (min/avg/max) Â 10 6 of m 3 of sediments for sector H. We used a typical sand dry bulk density of 2.5 g/cm 3 and a typical density of basalt of 3.0 g/cm 3 in these calculations.
[43] 3. Subaerial erosion in drainage basins. Similarly, there are no records of the subaerial erosion in the hydrographic basins of Faial Island. However, it is possible to infer erosion rates from the work of Louvat and Allègre [1998] on S. Miguel Island. They estimated erosion rates of riverine mechanical erosion (AE300-500 ton/ km 2 /year) in three hydrographic basins, whose hydrologic parameters (surface area, stream length, maximum elevation and runoff) are somewhat greater than those from Faial ( Figure 9 and Table 2 ). If streams carry more sediment as they mature and as drainage density increases, on the other hand, loose volcanic materials such as pyroclastic deposits covering the basins of Faial will be more susceptible to erosion. However, these deposits are typically very thin, (a few meters thick) and the streams are only a few meters below them. To evaluate this sediment contribution, the lowest and the highest erosion rate values of S. Miguel were used for the calculations (a compromise between rapid erosion of friable materials and slower erosion of deeper rocks). We obtained respectively minimum and maximum values for sectors F and G (15 and 43 Â 10 6 of m 3 ) and H (7 and 20 Â 10 6 of m 3 ).
[44] We have also considered the submarine biological productivity in the calculations. Average percentage of calcium carbonate (bioclasts) measured from samples of sector H was 2% and from sectors F and G around 14%. Table 3 is a resume of the calculations made and the obvious conclusion is that most of the volcaniclastic material on the shelf results from wave erosion with decreasing contributions from subaerial erosion and explosive volcanism. It is also evident that we should expect average to high wave erosion rates on these sectors (Table 3) , since these are subject to medium to high wave energies (Figure 3) . Therefore, many of the sediments have probably crossed the shelf onto the slope, because the volumes presently on the shelf are significantly lower than those produced by average to high wave erosion rates.
[45] Menard [1983 Menard [ , 1986 showed striking examples of asymmetric erosion of high and large islands due to the effect of rainfall and waves, which work together to reinforce the windward erosion of islands. However, in Faial precipitation is primarily related to altitude and in small and intermediatesize islands such as here, waves are more effective erosional agents than streams. This is confirmed by the calculations and previous work [Quartau et al., 2010] . Therefore, differences in thickness and area of the clinoform deposits are probably more related to the wave energy exposure. Indeed, the sectors more exposed to wave erosion (B and H) have higher cliffs and wider shelves (Table 4) . Therefore, these coastlines can produce more sediment, which in turn can occupy a larger area of the shelf. Thus, the transition from the rocky seafloor to the sandy clinoforms occurs at shallower depths (Table 4) . Shelf sector D is an exception because it is the widest, although it is relatively more protected from wave energy than the west-facing sectors. Unfortunately, it is impossible to compare the thickness of its deposits because of the missing seismic data. However, its greater width is related to its age which is almost the double of the age of sectors B and H. Sector F is also wider when compared to sector C and G, although exposed to a similar wave regime, but this part of the shelf appears to be as old as sector D and has been modified by lava progradation that most likely has produced hyaloclastites [Quartau et al., 2010] , which accounts for the volumetric shelf deposits here. On the other side, sectors A1 and A2 are the narrowest (400-700 m on average) and lack significant sedimentary deposits. This probably arises because stages of volcanic repose (when erosion and sedimentation are possible) have alternated with episodes of seaward volcanic progradation during the last 16 ka, potentially burying older deposits. In addition, these sectors are the narrowest and the more exposed to wave energy, thus downwelling offshore currents are probably more effective in sweeping the sediments to the slope.
Preservation Potential of Depositional Sequences in Volcanic Insular Shelves
[46] The sedimentary bodies in the shelf are interpreted as highstand deposits although most of the island shelf is quite old. Shelf sectors D and F are undoubtedly older than 470 ka [Quartau et al., 2010] because the end of Ribeirinha volcanism was about 580 ka ]. Sectors B, C, G and H must have been carved after the main active phase of Cedros Volcanic Complex, which probably occurred between 470 and 100-70 ka ]. According to sequence stratigraphic models one should expect three to five system tracts within a depositional system [Catuneanu, 2002] associated to changes in the direction of shoreline shift from regression to transgression and vice versa. Since other systems tracts associated with sea level changes normally described for continental shelves (e.g., lowstand and transgressive systems tracts) are not present here, conditions on this volcanic island shelf appear not to have favored preservation of older sequences. The non-preservation probably occurs due to the small accommodation space, high wave energy and small sediment supply when compared to continental shelves. When sea level drops below its present level, sediment supply becomes sparse due to a lack of major river systems, reduced precipitation in colder periods and more limited subaerial erosion of the then moribund marine cliffs. Consequently, during sea level falls, sediment supply does not produce lowstand deposits. Furthermore, the narrow and steep insular margin and high wave energy may enhance transport of sediment offshore, with regressive ravinements removing the previous highstand deposits, leaving the shelf devoid of sediments. During the subsequent sea level rise, transgressive deposits are unlikely to accumulate substantially as the shelf would be sediment-starved because the only available sediment supply would be from a highstand palaeo-shore line. Not surprisingly, Ávila et al. [2008] relate the disappearance around 60 ka of (almost) all shallow bivalve species associated with sandy habitats on the Azorean islands to a starved shelf during a sea level drop.
[47] The efficient removal of older deposits found here, then raises the question of how shelf deposits can be preserved on some islands after passing through the surf zone, in particular, in the adjacent Azorean island Sta. Maria [Serralheiro and Madeira, 1993] and the Canary [Zazo et al., 2002] and Cape Verde archipelagos [Ramalho, 2011; Ramalho et al., 2010a; Zazo et al., 2007 Zazo et al., , 2010 . Shelf sediments, now exposed subaerially on these islands, can only have been preserved during uplift if the sediment became armoured against erosion (e.g., calcite cements or from overlying lava flows as recorded around Hawai'i [Lipman and Moore, 1996; Moore et al., 1996] ) or if particular physiographies of the shelf helped to dissipate wave energy (sheltering effect of nearby islands or wide, shallow shelves or banks).
Mass-Wasting Processes Around the Shelf Edge
[48] Headwall embayements and gullying have been found at the shelf edge of Faial. Gullying is frequent along the slopes of sectors A1 and A2 while around other sectors embayments are the most common features. Some of the possible causes for the initiation of submarine landslides, likely to have created these features, include oversteepening, seismic loading, storm-wave loading and incohesive nature of the sediments [Hampton et al., 1996; Locat and Lee, 2002] . The shelf of Faial has the ideal physical conditions (high wave energy and narrow shelf) for the accumulation of material near the shelf break and shows evidence of sediment moving offshore (the highest thicknesses of the clinoform deposits are on the middle to the outer shelf) and possible spillover. Furthermore, the shelf is often struck by severe storms [Andrade et al., 2008] and, on average, an earthquake occurs with M s > 6.5 every 70 years [Nunes et al., 2004] . It appears that the combination of abundant earthquakes, highly energetic wave environment, steep gradients on the shelf edge and accumulation of incohesive sediments are likely explanations for the mass-wasting in the areas that show embayments. Gullying is present in areas where the shelf edge is rocky, mostly from recent lava progradation. Probably the interaction of lava and sea swell [Moore et al., 1973] has favored the development of extensive hyaloclastite deposits on the shelf edge which in turn were susceptible to slope failure.
Shelf Hydraulic Regime
[49] According to Johnson and Baldwin [1986] wave-dominated shelves are those characterized by seasonally fluctuating high wave and current intensity, with active sediment transport restricted to intermittent storms, where moderately grained sediments and small-scale bedforms predominate. Storm-dominated shelves are struck by high intensity and moderate/high frequency hurricane and tropical storms, where larger bedforms and coarsegrained sediments dominate. The shelf of Faial may be classified as wave-dominated shelf according to its sedimentary facies. No large bedforms are present on the shelf, except in the Faial-Pico interisland channel which may be related to the strong tidal currents [Tempera, 2008] . Although storms are frequent in the Azores, the width of the shelf covered with sediments is very small, on average less than 1 km, not favoring the generation of large bedforms. The sedimentary cover is coarsegrained, although the lack of fine-grained sediments may also be a consequence of the limited fluvial sources. Nevertheless, the particle size is usually a good measure of the average kinetic energy of the depositing agent [Greenwood, 1969] and the importance of storm influences is corroborated by the instrumental and historical records of high energetic events [Andrade et al., 2008; Carvalho, 2003; Instituto Hidrográfico, 2005] . Therefore, the above suggests that the shelf of Faial is wave-to-storm dominated.
Tectonics
[50] Our earlier erosion numerical simulation revealed differences between model and observed shelf break depths on Faial Island [see Quartau et al., 2010, Table 2 ]. For instance, the average depth of the shelf break in sectors B, D, G and H are significantly different than À130 m. As we know, the shelf break is formed by wave erosion at, or close to, the water surface [Trenhaile, 2000 [Trenhaile, , 2001 during low sea level and in the last 580 Ma, the lowest sea level was always around À130 m [Bintanja et al., 2005] . Although small differences between model and data could merely reflect measurement or interpretation errors in the field or inaccurate palaeo-sea level data, the differences that are more significant are better explained by other processes. The tectonic structure of the island is a graben (Figures 2a and 2c) , so the central part of it (extending from the Faial-Pico channel on the east to the NW littoral -sector B) should record the highest subsidence; on the other hand, the north and south coasts should be uplifted. All of this agrees well with the values from Table 2 of Quartau et al.
[2010]; sectors G and H show uplift and sector B subsidence. Sector D should also show uplift, but instead its shelf break is at À211 m which could only be explained by subsidence due to the built-up of the central Caldeira volcano on the western flank of the Ribeirinha Volcano. In a similar way, we should expect the same amount of subsidence for sector F, however its shelf break is at À127 m. Nevertheless, this sector was formed during the stage of renewed volcanism from the Almoxarife Formation which may have filled a depressed shelf and elevated the shelf break (example i_d in Figure 14) . The graben faults also provided weaknesses exploited by streams in the coastline of sector B and mass-wasting in the shelf edge (Figure 12 ), although their shelf connection is difficult to observe due to the sedimentary cover and lack of seismic data here. The faults also control the drainage in the east of Faial (Figure 2c ), modifying the radial drainage around Caldeira volcano and thus deviating sediments that would otherwise feed shelf sectors C, D, F and G to the inter-island channel Faial-Pico (sector E).
Conceptual Model of the Morphologic Development of the Faial shelf
[51] Based on our results, a conceptual model of the development of the Faial shelf is proposed ( Figure 14) . Although it is simplified by not including subaerial (explosive volcanism and stream erosion) tectonic and mass-wasting processes, it includes the two main processes (wave erosion and volcanic progradation) responsible for its evolution. The sketch starts with a volcanic island shelf formed by wave erosion during one or more glacial-interglacial sea level oscillations (i_a). From this initial stage with sea level at a highstand position (SL1), the shelf has developed into the four end-member stages (v_a, v_b, v_c and v_d):
[52] 1. From i_a to v_a. If volcanism has stopped or is too small to reach the coastline, wave erosion starts eroding cliffs, producing sediments nearshore which are then redistributed over the shelf by downwelling currents formed during storms (ii_a). When sea level drops, since the main supply of sediments to the shelf are left behind (cliffs), there is no significant sediment production and the previous highstand body is swept from the shelf by downwelling currents, until it is ultimately lost during the lowstand (SL2) to the island slope (iii_a). At the same time during this sea level fall a small abrasion of the shelf occurs. When sea level starts to rise, the shelf is eroded again, but not sufficiently to build and maintain a sedimentary body (iv_a). When sea level reaches a highstand position again (SL3), cliffs start to retreat and considerable amount of sediment is produced nearshore, the shelf widens and the sedimentary deposits start to form, thicker than before due to the higher accommodation space (v_a). Eventually, if the shelf widens sufficiently to attenuate wave energy during the following sea level oscillations, older depositional sequences and systems tracts associated with sea level changes normally described for continental shelves can be preserved.
[53] 2. From i_a to v_b, with shared evolution from i_a to iii_a. During iii_a, if volcanic activity (lava flow 1 -LF1) is strong enough to move the coastline to the inner shelf, the shelf width is reduced (iii_b). When sea level rises again, it erodes shallowly the entire shelf probably depositing thin transgressive sediments. However, those formed on top of the prograded lava flows (iv_b) are too coarse to be swept way by downwelling currents, but the ones below probably are, hence, they are not preserved at this stage. Only when sea level reaches SL3, a sedimentary body starts to grow on the midshelf by erosion of the nearshore deposits of LF1 and the cliff. The sediments produced are then redistributed through downwellling currents formed during storms, filling the mid to outer shelf (v_b).
[54] 3. From i_a to v_c with shared evolution until v_b. Renewed volcanic activity (v_c) moves again the coastline offshore with a new lava flow (LF2) on top of the previous one (LF1) which, if it is voluminous enough, it may even bury part of the sedimentary body.
[55] 4. From i_a to v_d. If volcanism is very voluminous, it can cover the entire shelf and move the previous coastline to the middle shelf (i_d). Wave erosion during stable sea level SL1 is able to carve a platform on top of the prograded lava flow forming a cover of coarse clastic deposits on top of it (ii_d). When sea level drops to SL2, the entire prograded volcanics are abraded to the shelf break, leaving behind a cover of coarse clastic deposits (iii_d). When sea level rises again, it further carves the prograded volcanics, reducing the coarse clastics to sandy sediments, which are probably not volumetric enough to form sedimentary bodies (iv_d). If volcanic activity continues immediately after reaching SL3, there is no time to build a sedimentary body and the coastline is moved again offshore, further reducing the shelf width (v_d).
[56] All these examples can be found on Faial's shelf with predominance of stage v_d on the more volcanic active and young sectors (sectors A1 and A2) and v_c, v_b and v_a progressively on less active and older sectors. Although this model is put forward to explain the development of the various sectors of Faial's shelf, we suggest that it is likely to apply also to other volcanic island shelves in oceanographic settings unfavorable to reef growth where wave erosion and volcanic progradation are the main generating processes.
Conclusions
[57] The combined use of multibeam bathymetry and acoustic backscattering, chirp bottom echo character, seismic stratigraphy, superficial sediment sampling and seafloor images permitted the mapping and description of the seabed morphologies around Faial's shelf, providing clues to the relative roles of the various processes involved in its development:
[58] 1. The shelf is the result of wave erosion evidenced by a platform extending hundreds to thousands of meters from the coastline to the shelf edge. Shelf width is related to shelf age and wave energy exposure. The study of the shelf morphology in young volcanic islands where erosion dominates can help to constrain the chronology of onshore volcanic emplacements, especially when reliable dates are not available.
[59] 2. Seaward volcanic progradation can reverse the onshore coastline retreat by filling the shelf created by erosion. Nevertheless, we have found fewer submarine-emplaced lavas on the shelf when compared to nearby Pico, which is a sign of Faial's maturity.
[60] 3. Sandy clinoforms have been deposited over the volcanic platform of Faial during the last 6.5 ka by storm-induced downwelling currents that transport sediment offshore. In other volcanic islands (Oahu and the Aeolian archipelago) the same mechanism has been invoked to explain their shelf deposits. The lack of preservation of older deposits associated with previous sea level changes in volcanic insular shelves is due to the presence of narrow and steep shelves, high wave energy, and low sediment supply. However, during uplift older deposits can be preserved if the sediment is armoured against surf erosion or waves are reduced by local physiography (e.g., Azores, Canary and Cape Verde archipelagos).
[61] 4. The shelf sediments around Faial are mostly volcaniclastic and result mainly from cliff erosion, with lesser contributions from subaerial erosion and explosive volcanism. The area and thickness of the deposits are related to wave exposure, with larger deposits normally found on the more waveenergetic sectors and with greater accommodation space.
[62] 5. Mass-wasting at the shelf edge is suggested to be the result of frequent earthquakes, high-wave energy associated with storms, over-steepening of incohesive sediments and their possible spillover near the shelf edge. In areas where sediments reach the shelf edge, slides are common; whereas in areas where the shelf edge is rocky, gullies prevail.
[63] 6. The shelf of Faial can be classified as wave to storm-dominated according to Johnson and Baldwin's [1986] classification.
[64] 7. Movement on tectonic faults has changed the depth of the erosional shelf edge in some sectors, and consequently changed the accommodation space available. It might have also promoted canyon incision in the west and sediment accumulation in the east.
[65] A conceptual model of the morphologic development of the Faial shelf is proposed based on the main processes acting on the shelf; wave erosion and volcanic progradation. We expect that these results may contribute to a better understanding of the processes involved in the development of other reefless volcanic island shelves. 
